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The present report is dedicated to show that ferromagnetic Lao.eTCao.ssMnOs 
(LCMN) particles can be better described in the framework of ferrimagnetic model. 
To confirm the ferrimagnetic signature in ferromagnetic LCMN particles, the tem- 
perature dependence of the inverse of magnetic susceptibility in the paramagnetic 
state of the samples was taken as a tool of data analysis. The observed ferrimag- 
netism is understood as an effect of of the core-shell spin structure in LCMN particles. 
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I. INTRODUCTION 

Magnetic nanomaterials are continued to be at the center of current research interests 
due to their huge technological applications and incomplete undestanding of many discov- 
ered phenomena. For example, superparamagnetic blocking of magnetic moments below 
the conventional paramagnetic to ferromagnetic transition temperature (T,^), appearance of 
unconventional spin glass behaviour at lower temperatures, decrease of effective magnetic 
moment of the material, exchange bias effect, quantum tunnelling of magnetization, and low 
field magnetoresistance have been observed when the particle size of ferromagnetic materi- 
als decreases into nanosize dimension (below 100 nm)[l|, |2[]. Various mechanisms have been 
introduced in literature to describe the magnetic features of nanoparticles, e.g., core-shell 
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structure, dipole interactions, inter-particle interactions, exchange anisotropy [s^. Among 
the proposed mechanisms, the core-shell concept is world wide accepted to explain the fea- 
tures of nanoparticle magnetism. In a magnetic nanoparticle the central part, known as 
core, is assumed to be identical to the structure and property of bulk material with mi- 
cron sized particles. The structure and property of the outerpart of the particle, known 
as shell, are drastically different in comparison with core js, 4|. If the bulk material is a 
typical long ranged ferromagnet (antiferromagnet), then core is assumed to be long ranged 
ferromagnet(antiferromagnet) and disorder is introduced in the shell part of the particle. 
This means the property of a magnetic nanoparticle is basically heterogeneous in charac- 
ter (i.e., consisting of two different magnetic components or equivalent to two magnetic 
sublattices) over a length of particle dimension and also in the whole dimension of the ma- 
terial when the particles are in contact. The common phenomena due to the heterogeneous 
magnetic structure in ferromagnetic nanoparticles are the reduction of particle moment and 
magnetic blocking/freezing at lower temperatures. On the other hand, antiferromagnetic 
nanoparticles have shown many enhanced properties mainly due to different magnetic struc- 
ture of shell part in comparison with bulk counter material ^. This shows that core-shell 
structure plays an important role in the properties of magnetic materials, immaterial of 
ferromagnetic or antiferromagnetic particles. Hence, proper understanding of the effects 
of core-shell structure is not only the long standing problem, but also useful in designing 
the application oriented materials. To understand the effects of core-shell structure in dif- 
ferent types heterogeneous magnetic structures, e.g., ferromagnetic core is surrounded by 
antiferromagnetic/paramagnetic/ferrimagnetic shell or antiferromagnetic core is surrounded 
by ferromagnetic/ferrimagnetic shell have been synthesized and reported in literature Is-Sj. 
The effect of shell disorder and spin frustration has also been discussed in many spin-bilayer 
magnetic systems ^. G. Bouzerar et al. [9] discussed the effect of competition between 
introduced superexchange (antiferromagnetic) interactions in long ranged double exchange 
ferromagnetic matrix. They argued that in the lower limit of anitiferromagnetic superex- 
change interactions the long ranged ferromagnetic state is not altered significantly; rather a 
canted ferromagnetic phase or induced new magnetic phase is appeared in the spin system. 
The induced magnetic phases may be either stable or unstable depending on the quantum 
of magnetic disorder and frustration. Some report also studied core-shell structure in a 
composite material consisting of ferrimagnetic core and ferroelectric shell jlO |. 
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Recently, Lao.erCao.asMnOs nanoparticles in crystalline and amorphous structural phases 
have shown many interesting mag netic properties, related to magnetic disorder at core- 
shell structure of the particles [11]. A proper knowledge of magnetic interactions between 
core-shell spins would be useful not only to realize the colossal magnetoresistance and inter- 
grain tunneling of polarized spins, but also relevant to realize the effect of disorder on 
double exchange ferromagnetism in manganites. In the present work, we demonstrate that 
the modified magnetism in ferromagnetic Lao.eyCao.asMnOa nanoparticles is identical to 
the typical features of ferrimagnetic materials. The evidence of ferrimagnetic signature in 
Lao.eTCao.asMnOa nanoparticles is also discussed by comparing the features already observed 
in ferrimagnetic (Mno.5Ruo.5Co204 and MnCr204) particles. 



II. EXPERIMENTAL 



Details of the sample preparation of Lao.eTCaojsMnOs (perovskite) particles and their 
characterization have been reported elsewhere [ll|. In brief, the polycrystalline bulk 
Lao.erCao.asMnOa sample was prepared by solid state sintering (maximum temperature 
1380°C) method. The bulk sample was subjected to mechanical milling in Argon atmo- 
sphere upto 200 hours using Fritsch Planetary Mono Mill "Pulverisette 6" to synthesize 
the material in nanocrystalline and amorphous phase. The structural phase of the samples 
was confirmed from room temperature XRD spectrum. The XRD spectrum indicated that 
crystalline nature of the material decreases significantly for the milling time more than 61 
hours and amorphous phase dominates in the spectrum for milling time more than 98 hours. 
Both bulk and milled samples (upto mh98) are in similar crystallographic phase and found 
to be matching with orthorhombic structure with Pnma space group. The temperature 
dependence of magnetization under zero field cooled condition was measured using SQUID 
magnetometer (MPMS-Quantum Design, USA). The temperature dependence of dc mag- 
netization at 100 Oe in the temperature range 100 K to 400 K was also reproduced using 
vibrating sample magnetometer (Lakeshore 7404 model). 
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III. EXPERIMENTAL RESULTS 

Details of the temperature and field dependence of dc magnetization have been reported 
elsewhere In summary, the paramagnetic to ferromagnetic Curie temperature (Tc) 

for bulk (LCMN) sample is nearly 281 K and Tc decreases to 262 K, 250 K, 238 K, 225 
K and 212 K for mechanical milled mh25(nanocrystalline, particle size ~ 65 nm), mh61 
(nanocrystalline, particle size ~ 12 nm), mh98 (nanocrystalline+amorphous, particle size ~ 
16 nm), mhl46 (amorphous, particle size ~ 60 nm) and mh200 (amorphous, particle size 
~ 90 nm) samples. At the same time, the long ranged ferromagnetic order (spontaneous 
magnetization ~ 3.6 fis) of bulk LCMN sample decreases to 2.17, 0.87, 0.35, 0.17, 0.10 
(in i^b) unit) for mh25, mh61, mh98, mhl46 and mh200 samples, respectively. These are 
some typical features of the magnetic disorder effect in ferromagnetic materials. In the 
present paper, we would like to show some specific magnetic features of the samples based on 
magnetization data at (higher temperature) paramagnetic regime. In Fig. 1, the dc magnetic 
susceptibility {xdc = M/H) of bulk LCMN sample sharply increases above the magnetization 
peak temperature Tp ~ 260 K. On the other hand, magnitude of susceptibility, as well as 
sharp increase of magnetization below the respective Tc systematically decreases for mh25, 
mh98 and mh200 samples. The decrease of the x (T) variation in milled samples reflects 
the increasing magnetic disorder in the ferromagnetic material and realized in the previous 
work [ll|. Interestingly, a typical ferrimagnetic sample, e.g., Mno.5Ruo.5Co204 (RuMn) 
spinel oxide in the inset of Fig. 1, also exhibits the similar Xdc (T) behaviour above its 
magnetization peak temperature Tp ~ 100 K. This means only the shape of Xdc (T) curve 
in the paramagnetic state can not determine the nature of magnetic order in the samples, 
whether ferromagnet or ferrimagnet. The nature of magnetic order can be confirmed in 
convincing manner from the temperature dependence of the inverse of magnetic susceptibility 
in the paramagnetic state. For this purpose, we extended the dc magnetization measurement 
up to 400 K. First, we confirm the difference of the temperature dependence of the inverse of 
susceptibility curve in paramagnetic regime between bulk LCMN (ferromagnetic) and RuMn 
(ferrimagnetic) samples. Fig. 2 shows that the inverse of dc susceptibility {x2c = H/M) 
data for bulk LCMN sample at high temperatures (T > 300 K) are fitted with a simple 
Curie- Weiss law: 

X = C/{T - 9^) (1) 
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Application of this equation confirms the ferromagnetic order in bulk LCMN sample. The 
obtained parameters are Curie constant (C ~ 0.0196) and paramagnetic Curie temperature 
{Gw ~ + 270 K). In contrast, the inverse of dc susceptibility foi' Mno.5Ruo.5Co204 

spinel oxide at high temperatures is fitted with a typical equation: 

i/^ = {T-e,)/c,fs-i/{T-e,) (2) 



In general, this equation is applicable for ferrimagnet [12|. The obtained parameters (^i 
~ -1320 K, Ceff ~ 0.076, ^ - 200850, ^2 ~ + 112 K), in particular the positive value of 
62 (slightly larger than Tc ~ 100 K) and a high negative value of ^1, clearly indicate the 
ferrimagnetic order in Mno.5Ruo.5Co204 spinel oxide. Similar {Xdc (T))character was also 



noted in many other ferrimagnetic materials 
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3. 



Now, we analyze the temperature dependence of the inverse of dc susceptibility data for 
mechanical millled nanoparticle samples. As shown in Fig. 3, the data are well fitted with 
a simple Curie-Weiss law (equation (1)) above 330 K. The fit parameters of Curie-Weiss 
law (C and 9^^) are shown in Table I. On the other hand, the hyperbolic shape of (T) 
curves (with down curvature) above the Curie temperature of the samples suggests that 



mi 



led samples belong to the class of either ferrimagnet or double exchange ferromagnet 



14| . We noted that the x ^ (T) curves of the present 



nanoparticle samples are identical to 



the ferromagnetic MnCr204 nanoparticle samples [l3l]. To clarify the ferrimagnetic nature 
of the nanoparticle (NP) samples, we have fitted the (T) data in the temperature range 
330 K-400 K using equation (2). We followed a non-linear curve fitting method. Initially, 
the parameters (^^i, Ce//, ^ and 62) were allowed to take initial values and iterated 10 times. 
As soon as the fitted curve comes close to the experimental curve, we start to restrict the 
parameters one by one. Finally, best fit curve was obtained by allowing all parameters to 
vary, except 62 keeping constant. The experimental data in the paramagnetic state of the 
samples fitted with equation (2) are shown in Fig. 3. The fit on susceptibility data in the 
paramagnetic regime according to equation (2) is excellent. The fit parameters are shown 
in Table I. A comparative fits applying equation (1) and (2) for mh98 and mh200 samples 
suggests that equation (1) may be well valid at higher temperature, but equation (2) is more 
appropriate to describe the magnetic behaviour over a wide temperature range above Tc. 
We noted using equation (1) that the paramagnetic Curie temperature {6^) systematically 
decreases as the material transforms from bulk polycrystalline phase to nano crystalline (NC) 
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phase and then, to amorphous (AMP) phase. The values remained positive for bulk as 
well as mh25, mh61 and mh98 samples, where as 9^} becomes negative for mhl46 and mh200 
samples. The negative value of 9yj indicates the introduction of antiferromagnetic exchange 
interactions in the material as the particle size and crystalline phase changed. As discussed 
in earlier report Uj, the magnetic dynamics of the present material strongly depends on 
the structural phase transformation, rather than the particle size effects. The 9i (obtained 
using equation (2)) also follows the pattern of 6'^,, showing positive values only for mh25 and 
mh61 samples. The spin glass like feature in amorphous (mhl46) sample clearly proves the 
the reduction of ferromagnetic (FM) exchange interactions or development of antiferromag- 
netic (AFM) exchange interactions in nanocrystalline and amorphous samples, because spin 
glass like feature needs sufficient amount of both magnetic disorder and competition between 
FM/AFM interactions. On the other hand, 92 is always positive and change is not drastic 
(within 9 K considering all milled samples). The positive value of 6^2 suggested the retain- 
ot a strong double exchange fe^magnetic interaction. Q both in nanocry^talUne and 
amorphous phase of Lao.erCao.ssMnOs nanoparticles pJi]. At the same time, application of 
equation (2) suggests the ferrimagnetic character of mechanical milled nanoparticle LCMN 
samples. Similar magnetic behaviour was also observed in ferrimagnetic MnCr204 nanopar- 
ticles 13|. Some reports [isl Q also attempted to explain the magnetization data in the 



paramagnetic regime of ferromagnetic nanomaterials by following a simple Curie- Weiss law 
(equation (1)), but those data seem to be more appropriate to the ferrimagnetic description 
(equation (2)). 

The validity of ferrimagnetic equation (2) in our milled samples can be examined by con- 
sidering the core-shell spin structure of nanoparticles, already proposed in earlier work 
The existence of strong ferromagnetic order, even in the nanocrystalline and amorphous 
phase, is essentially due to ferromagnetic ordered core spins. On the other hand, magnetic 
disorder is confined mainly in the shell part for nanocrystalline particles (NCR NP) and 
also introduces in the core part for amorphous nanoparticles (AMP NP). The shell spins 
may not be typical antiparallel with respect to core, but effective spin moment of shell 
is obviously low in comparison with ferromagnetic core and schematically shown in Fig.4. 
Similar magnetic modulation was previously proposed for antiferromagnetic nanoparticle {4] 



and later applied for ferromagnetic manganite nanoparticles [17[. This allows us to consider 
the magnetic contributions form shell and core of a nanoparticle equivalent to two unequal 
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magnetic sublatticles (shown in lower diagram of Fig. 4), as usually seen in a typical long 
ranged ferrimagnet. It must be differentiated that two different magnetic sublattices as we 
suggest here for the ferromagnetic particles is not due to different crystal environments, 
i.e., tetrahedral and octahedral lattice sites of a typical ferrite consisting of two magnetic 
sublattices of antiparallel directions 12|, |l3|. Based on the experimental observations, the 
concept of two different magnetic structure could be a realistic approach for describing the 



magnetic properties of 
by C.R.H. Bahl et al. 



erromagnetic nanomaterials. Recently, similar concept was modelled 
sl and M. Vasilakaki et al. {g]. 



IV. CONCLUSIONS 



Lao.erCao.asMnOs ferromagnet exhibited many interesting features in the nano crystalline 
and amorphous phase, as an effect of increasing disorder in core-shell spin morphology 
and lattice structure. The present work clearly provides the evidence of ferrimagnetic 
character in ferromagnetic Lao.erCao.ssMnOs (LCMN) nanoparticles. The ferrimagnetic 
concept, as propsed in this work, is interesting and could be applied for the understanding 
of basic mechanism in many ferromagnetic nanoparticles. Especially, this approach could 
be more effective for the proper demonstration of the effect of core-shell spin structure in 
ferromagnetic nanoparticles. 
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TABLE I: The particle size (d) of the mihed samples are determined from the TEM data. The fit 
parameters (C and Oyj) were obtained using simple Curie- Weiss law (equation 1). The parameters 
(Ce//, ^1, O2 and were obtained using equation (2) for different milled samples. It may be 
mentioned that the present values of C and Oyj (K) using temperature range 330 K to 400 K are 
slightly different from the values C ~ 0.0176 and 9w ~ 275 K using temperature range 300 K to 
340 K and previously repored jll]. 
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Fig.1 Temperature dependence of dc susceptibility (%^^ (T)) at 100 Oe for 

ferromagnetic (bulk) LCMN sample and selected milled samples. 

Inset shows the (%^^ (T)) data at 10 oe for ferrimagnetic Mn^^RuQ^Co^O^. 
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Fig. 2 (Colour online) Inverse of dc susceptibility vs. temperature data of bulk LCMN sample (left-bottom axis) 
and RuMn sample (right-top axis) are fitted with equation 1 (red line) and equation 2 (blue line), respectively. 



dotted lines represent the fit with Curie Weiss law (equation 1) 




Fig. 3 (Colour online) inverse of do susceptibility at high temperature regime for nanoparticle samples. 
The fit data show that Curie-Weiss law is applicable only at higher temperature, where as equation (2) is 
applicable over a wide temperature range above of the samples. 
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Fig. 4 (Colour online) shows a schematic diagram for long ranged ferromagnetic 
(LRFM) ordered spins (a), core-shell magnetic ordered spins (b), and core-shell 
Magnetic ordered Spins (c) in the top diagram and corresponding normalized 
saturation magnetization (NMg) of different FM samples (nanocrystalline 
nanoparticle -NCNP, amorphous nanoparticle-AMPNP) compared to the bulk 
LRFM sample. 



